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Abstract 
In offshore wind energy conversion system, the dominant technology is the geared drive train with induction 
generator, and high-power generators are preferred with respect to cost and energy production. However, simply 
upscaling the conventional design will normally lead to low efficiency, heavy top head mass and expensive machine. 
The main objective of this paper is to investigate the technological challenges related to the high-power generators for 
offshore wind turbines. In the first part of this paper, the generator technologies in the global operational offshore 
wind farms are reviewed; in the second part, the relationships of generator active/supporting mass vs. power are 
obtained by doing machine optimization with the finite element method and the genetic algorithm. The solutions for 
high-power generators are reviewed and discussed finally. 
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1. Introduction 
As a solution for supplying electricity to areas far from the grid, harnessing wind energy started over 
100 years ago. However, modern technologies on wind energy were developed to deal with the energy 
crisis in 1970s and nowadays with more focus on climate change. Onshore wind energy application 
encounters problems from the land-use dispute, noise and visual pollution, to engineering problems, such 
as transportation of machines with large dimension. In offshore, vast areas are available, and the wind is 
much stronger and more stable than onshore. Offshore wind farms have less interference to residential 
areas in terms of noise, tower shadow and visual pollution. Marine ecosystems and aquaculture may 
benefit from joint use of substructures of offshore wind turbines [1]. Therefore, offshore seems to be the 
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ideal place for large scale wind energy exploration.  
For offshore wind energy application, there are several significant features. Firstly, the design of the 
energy conversion system should take into account the harsh environment: humidity and salted air which 
may damage the sensitive components, such as generator winding; secondly, large turbines are preferred, 
as the wind is strong and there are less limitations in offshore to transport large machines; thirdly, 
reliability is essential for the offshore wind business, as the maintenance in offshore is difficult, expensive 
and weather-dependent; fourthly, compact and lightweight design is desired, considering the difficulty of 
handling heavy equipment in offshore; fifthly, the cost of whole energy conversion system should be low.  
The generator is responsible for converting kinetic energy into electricity, and comprehensive real site 
data-based research has shown that the improvement in the design of the generator and its coupling 
converter is critical for the whole system reliability under the context that gearbox technology is mature 
[2]. This paper investigates the technological challenges related to generators for offshore wind turbines, 
and is organized like this: Section 2 reviews the generators in global operational offshore wind farms; 
Section 3 investigates the relationships of generator mass vs. power with the help of the finite element 
method and the genetic algorithm; Section 4 reviews the emerging solutions for high-power generator. 
2. Generators in operational offshore wind farms 
Based on the statistical analysis of the numerous public resources, by the end of 2012, 1886 wind 
turbines are installed in 57 offshore wind farms globally with a total operational capacity of 5.45 GW. 
Based on the installed capacity and average rating of turbine, the development of offshore wind power 
can be divided into three stages. In the first stage (1991-1999), the total installed capacity was 31.7MW, 
and the average turbine rating is no more than 600kW. During 2000-2010, offshore wind power industry 
experiences fast development; the technology, pitch-regulated variable speed energy conversion systems 
with induction generators, becomes mature and was widely used in offshore wind turbine. During 2011-
2012, the average rating per turbine is boosted to 3.87MW, which is a big step from previous 2.69MW. 
In this section, a statistical investigation is conducted on the operational offshore wind turbines. 
2.1. Average rating  
As shown in Figure 1(a), fast development was seen in offshore industry in the first decade of this 
century, and more development is expected as 5MW (and above) turbines become popular in European 
offshore wind farms.  
 
                                  
 
(a)                                                                          (b)  
 
Figure 1: (a) Development of average rating per turbine. (b) Market share of drive trains (DT: Direct drive Train; MGT: Multi-stage 
Geared drive Train; SGT: Single-stage Geared drive Train). 
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2.2. Drive trains 
Three drive trains are employed in the offshore wind farms: Multi-stage Geared drive Train (MGT), 
Single-stage Geared drive Train (SGT), and Direct drive Train (DDT). As shown in Figure 1(b), MGT is 
the dominant drive train. 
2.3. Generators 
Totally five types of generators are used in offshore wind farms, and they are: Doubly-Fed Induction 
Generator (DFIG), Squirrel-Cage Induction Generator (SCIG), Wound-Rotor Induction Generator 
(WRIG), Permanent Magnet Synchronous Generator (PMSG), and Electrically-Excited Synchronous 
Generator (EESG). As shown in Figure 2(a), the dominant generators are DFIG and SCIG. This 
dominance can be explained with the maturity of the technologies. High speed induction machine around 
3MW is widely available in commercial market, whereas PMSG is relatively new. EESG is not new 
technology; however, it has complicated rotor construction and low efficiency. WRIG doesn’t support full 
variable speed operation. Figure 2(b) shows the average power of each machine type in the past five 
years. SCIG has higher rating than DFIG and PMSG. This is due to the popular Siemens SWT 3.6-107 
(SCIG). PMSG has the lowest average power, though slightly above 3MW. 
 
                                                                                    
 
                                         (a)                                                                                                        (b)                        
 
Figure 2: (a) Market share of different machine types (DFIG: Doubly-Fed Induction Generator; SCIG: Squirrel-Cage Induction 
Generator; PMSG: Permanent Magnet Synchronous Generator); (b) Average power vs. machine types for 2008-2012. 
3. Generator Mass 
It is reported that structural mass accounts for most parts of the total mass in direct-driven high-power 
iron-cored PM generators [3]-[5]. However, the total mass estimated with the scaling law in [3] is 
obviously too large when compared with the market available solutions and academic designs [4], [6]. 
Therefore, it is worth to look back again at this issue. Practically, the structural mass of high-power 
generators can be estimated by doing the structural design [4], which demands the extensive knowledge 
on mechanical and structural analysis. In [6], the total mass of high-power PMSG is approximated with 
(1) which is developed by curve-fitting and fits well compared to the commercial products and academic 
design. However, it is still unknown how the structural mass evolves as the power grows. 
 
                                                                          = 97.7                                                                       (1) 
 
where  is generator total mass (ton),  is the rated power (MW), and  is the rated speed (rpm). 
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In this section, generator’s active mass is estimated with electromagnetic design and optimization 
approach, afterwards, the inactive mass is obtained by taking away the active mass from the total mass. 
The specification of the studied generators is shown in Table 1. Free variables and constrains used in 






















Figure 3 illustrates the design procedure. The machine type is the PM generator with the topology of 
outer rotor, surface-mounted magnets (Figure 4). In the design of this machine, 2D finite element analysis 
(FEA) is conducted for field calculation and genetic algorithm is employed to search for the optimum 
design. The 2D FEA is conducted in FEMM 4.2 (developed by Dr. David Meeker, USA) which supports 
scripting; Matlab script is used for calculating the basic parameters and driving FEMM. The optimization 
method is the genetic algorithm in the Matlab optimization toolbox.  
FEMM doesn’t have the feature of adaptive mesh, therefore, special attention is taken in the preprocess 
script so that sufficiently fine mesh is generated. The FEMM calculation result is compared with 
commercial code which supports adaptive mesh, and the results agree well (Figure 5). 
3.1. Modeling 
The maximum numbers of turns per coil  determined by slot area, current density , and electric load 
, respectively, are given by (2). Therefore, the practical  is given by (3). 
 
                                                             
= ( ) ( )             
= ( ) ( )
= ( )                        
                                                  (2) 
 
                                                              =  ( , , ),                                                      (3) 
 
 
Table 1: Generator specification. 
Quantity Value 
Power (MW),  6 7 8 9 10 
Speed (rpm),  14 13 12 11 10 
Stator voltage (kV),  3.3 
Phase number,  3 
Air gap (mm),  0.001  
Fill factor,  0.65 
1st AC resistance ratio,  1 
Staking factor,  0.95 
PM  (T) at working temperature 1.2 
PM relative permeability 1.05 
Slot per pole per phase,  1 
Number of parallel branch,  1 
Slot wedge thickness (mm) 5 
Min. area of 1 turn coil (mm2),  5 
PM specific cost (€/kg) 80 
Copper specific cost (€/kg) 27 
Steel specific cost (€/kg) 16 
Table 2: Free variables. 
Quantity Range 
Frequency (Hz),  10-60 
Outer diameter (m),  6-10 
PM thickness (mm),  5-100 
Thickness of rotor back iron (mm),  5-100 
Thickness of stator back iron (mm),  5-100 
Ratio of tooth height over tooth width,  4-10 
Ratio of PM width over pole pitch,  0.5-0.9 
Ratio of tooth width over slot pitch,  0.3-0.7 
Current density (A/mm2),  2-5 
 
Table 3: Constrains. 
Quantity Range 
Slot pitch (mm),  >5 
Flux density in yoke of stator and rotor (T) <3 
Electric load (kA/m),  <50 
Population size =90 
Number of population 5 
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Figure 3: Design procedure (GA: Genetic Algorithm; FEA: Finite  
Element Analysis, : voltage drop ratio). 
 
 
where  , and  are the number of turns per coil determined by the slot area,  current density 
and electric load respectively.  is the air gap diameter, and  is the pole numbers. 
The back-EMF per unit length  is obtained with (4), then the generator effective length ( ) is 
calculated according to the rated voltage and the voltage drop at rated load (5). 
 
                                                                   = ,                                                              (4)    
 
                                                                         = ( ) ,                                                                     (5) 
 
where  is the winding coefficient,  is flux leakage caused in the end part,  is the magnitude of 
the fundamental flux density,  is the total number of coils, and  is the voltage drop ratio at rated load. 
The synchronous inductance  consists of three parts: self-inductance with slot leakage , mutual 
inductance , and end-connection leakage inductance .  is calculated with the energy method, and  









          Figure 5: Maxwell 2D vs. FEMM. 
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                                                                    = . ,                                                                  (6) 
 
where  is the vacuum permeability,  is total length of end connection in one side,  is the total 
number of coils per phase. 
The phase resistance is given by  
 
                                                                  = ( / )( ) ( ) ,                                                      (7) 
 
where   is the conductivity at the operating temperature. 
The rated voltage drop is given by 
 
                                                              = ( ) ( ) 1,                                                  (8) 
 
where  is the rated current. 
The total losses consist of four parts: bearing and rotational losses, copper loss in winding, iron loss in 
both the stator and rotor iron, and eddy current loss in PM. Bearing and rotational losses are assumed to 
be 0.5% of the rated power. The copper loss and iron loss are calculated with (9) and (10). 
 
                                                                         = ,                                                                   (9) 
 
                                                         = ( , ) ,                                          (10) 
 
where  is the harmonics order at  element,  is the magnitude of the  flux density at  
element. The iron loss  is obtained by looking up loss table of the steel sheet.  is the total number of 
harmonics at  element, and  is the total number of elements in the yokes of stator and rotor. The 
harmonic components of each element are obtained by doing FFT after the 2D transient FEA. 
The eddy current loss in PM depends on the current loading and the slot type. In this design, a simple 
loss model is used [8], and this loss is calculated with 
 
                                                                        =                                                                  (11) 
 
where  is the PM surface loss density (300 W/m2),  is the pole pitch.  
3.2. Optimization and the results 
The stop criterion is the number of population. It is found that the reasonable number of population is 
no more than 5. It is possible to get better result by running more populations; however, the result doesn’t 
get much improved. The cost function is the cost of the active material at the condition of the efficiency 
greater than 95%. Note in Table 3, the max. flux density in stator and rotor yoke is limited to 3T, in this 
way, the loading level in the stator and rotor yoke will be determined by the iron loss and efficiency. 
The simulations results are shown in Figure 6, and following conclusions are drawn: 
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 Inactive mass increases faster than active mass as the power grows, and becomes dominant (>50%) 
when the generator power exceeds 7MW. 
 Torque density increases with 1.25 Nm/kg per MW, and power density decreases with 1.25W/kg per 
MW. 
 The cost of inactive mass increases faster than the cost of active mass as the power grows, and 
becomes dominant when the generator power exceeds10MW. 
 The averaged specific cost (total cost divided by total mass) is around 18.6 €/kg, however, the cost of 
power (total cost divide by power) slightly increases with 0.019 €/W per MW. 
 For high-power generators, it is desired to have the generator with lightweight inactive parts in order to 
reduce the total mass and cost. 
 Higher-power generator has higher cost of power, therefore this additional cost should be paid back by 
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Figure 6: (a) Mass vs. power; (b) Torque density and power density vs. power; (c) Cost vs. power; (d) Averaged specific cost and 
cost of power vs. power. 
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4. Solutions for high-power generators 
   In this section, the industry and academic solutions for high power generators are investigated and 
discussed. These solutions can be classified into three groups: upscale the current design, modify the 
current design, and develop new solutions. Less system components, less generator mass and higher 
efficiency are the concerns of these solutions. 
4.1. Direct-driven DFIG 
It is attractive to investigate the direct-driven DFIG. Because of low rating converter, no gearbox and 
no PM used, the system cost is expected to be low, and the system reliability and efficiency are expected 
to be high. However, in order to produce enough torque, direct-driven generators are normally heavy and 
large, and big air gap is required for the large-diameter structure. This is the challenge to the efficiency of 
the DFIG.  [9]-[11] propose an elastic structure and the deformations in both the rotor and the stator are 
expected to be equalized.  In order to achieve the low voltage drop and thus high efficiency, the stator 
voltage is kept high whereas the rotor voltage is kept low. Furthermore, fractional winding is used in 
stator to allow the low leakage inductance. In rotor, the slot per pole per phase is kept as high as possible 
to decrease the no-load current. However, detail analysis of torque ripples is necessary to make this 
design convincing.  
4.2. Conventional radial-flux PM generators 
It is now common to find iron-cored radial-flux PM generators in wind turbines. Therefore, it looks 
straightforward to upscale this mature technology. [4] shows an air-cooling 10MW PM machine based on 
conventional iron-cored technology. In this machine, most of the mass goes to the construction which 
accounts for 80% of the total mass, though this machine is not optimized.  
One approach to minimize the machine dimension is to use more efficient cooling methods. Direct 
water-cooling PM generator is considered in [12]-[13]. Tooth coil is used with the slots per pole per phase 
at 0.4 for a six phase machine. The stator has 12 12slots-10poles segments. With the electric load of 150 
kA/m, this 8MW machine is only 34% volume of the 10MW from [4]. 
4.3. Ironless PMSG 
Ironless PMSG has negligible normal force between stator and rotor. Therefore, the requirement to the 
strength of the supporting structure is relatively low, and the total weight and cost can be reduced 
dramatically [14]-[16]. In ironless machine, the iron loss in rotor can be neglected, and has no cogging 
torque. The synchronous inductance is also low, which allows the cheap full-scale converter. However, in 
ironless machine, normally more magnet material is required in order to produce the necessary field, and 
because of directly facing the rotor field, considerable eddy current loss is expected in the stator winding. 
Furthermore, the design of the large-diameter support structure is a challenge. 
Different configurations of ironless PMSG generators are investigated in [16], and it shows when it 
comes to large diameter, the axial-flux machine shows the same performance as radial-flux machine, and 
the machine with 2 rotors is better than the machine with 1 rotor. 
4.4. Super conducting generator 
Using superconductive material in electrical machines can reduce the synchronous reactance and the 
excitation losses, increase the magnetic flux density in the air gap, and eliminate ferromagnetic cores, 
therefore, high efficiency and compact design can be achieved [17]-[19].  When compared to PM, up to 
50% of the generator mass can be saved with High Temperature Superconducting (HTS) generator, which 
also means that the cost of construction and installation can be significantly minimized. Furthermore, 
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because of the low driving voltage (around 100mV), the rotor of the HTS generator is subject to low 
thermal aging of the insulation, thus without risk of insulation breakdown.  In addition, HTS generators 
also have high overload capability without thermal excursion. 
Because of the high loss at AC condition (in stator) and the challenge to remove it, the super 
conducting winding is currently limited to DC condition, i.e., in rotor for producing excitation field, and 
the stator winding still employs copper winding. The main challenge of the super conducting generator is 
the cryocooler used to cool down the rotor, which adds extra cost and the reliability of the cooling 
technology has not been proven yet for offshore operations. Nonetheless, HTS generator is a promising 
candidate for future large offshore wind turbines. 
4.5. HVDC generator 
High-voltage variable-capacitance DC generator is proposed and investigated in [20]-[21]. Contrary to 
conventional magnetic machine where the power flows through magnetic field, this machine performs the 
energy conversion by varying capacitance in electric field as the rotor rotates. The power is proportional 
to the square of the terminal voltage which relies on the air gap thickness. A 7.3MW generator is reported 
to have 200kV output with 4mm air gap. Because of the high terminal voltage and vacuum gap employed, 
high efficiency can be expected. Furthermore, there will be no need for transformer and AC-DC converter 
station as that in conventional HVDC offshore wind farm. However, this concept is still far from practical 
application. One key factor is the low power density, which makes this machine bigger than conventional 
machines. If the reliable high voltage insulation across the gap can be realized, the generator dimension 
and mass can be reduced. Nonetheless, the early stage estimation shows that the total system mass is 
comparable to conventional system. 
5. Conclusion 
This paper makes the following contributions: 
 It presents a thorough investigation of the global operational offshore wind farms from the perspective 
of generators, and gives the quantitative analysis. It is found that the dominant solution for offshore 
energy conversion system is the multi-stage geared drive train with the induction generators.  
 It confirms the dominance of supporting structure in the total mass and cost of the high-power 
generators with the help of finite element method and genetic algorithm. It is therefore not economic to 
simply upscale the conventional technology of iron-cored PM generator if larger parts of the mass and 
cost go to the supporting structure. Furthermore, developing lightweight technology or other cost-
effective solutions becomes necessary. 
 It reviews the generator solutions for high-power offshore wind turbines. 
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